Lepton-Nucleus Cross Sections
INn MiniBooNE

(Neutrino Engineering...)
e This is really two talks...

— MiniBooNE CCQE measurement
 Work by Teppel Katori (University of Indiana)
— (Thanks Teppei ')
* Relevant to oscillation analysis

— Possible future improvements to models

» Detailed comparison to electron data to constrain
nuclear response

- Los Alamos
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MiniBooNE CCQE Measurement

e Charged Current Quasi Elastic (CCQE)
reaction is the “golden” channel for the

CC v, Quasi—=Elastic Cross Section

MiniBooNE oscillation analysis e oot Belen, 2. Phya, 2D, 625 (1985} 1

- & BNL, Boker, Phys. Rev. D23, 2499 (1081, O,
- ¥ b, Borish, Pays. Rev. D16, 3103 (18770,
@ FHAL, Kilogoki, Phys. Rev. D28, 436 [1983), 0,

B SKAT, Brunner, Z Prys C43, 551 (1900), CF.8¢

 The event generator (Nuance) for our ol CERN-WAZS, Ao, Nt Py, 543 285 (199,
. . . . . 2 [ % GOM, Bonettl, Nucwvo '-me:nl.ul.ﬂ- , W L1977, CaHe
simulation employs a simple Fermi gas | G

(FG) model for the nuclear response
function (a la Smith and Moniz, 1972)

 We “tune” a few parameters of the
simple FG model which is the subject of
the first talk...

» Los Alamos
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General cross section

(ala Simth and Moniz, 1972 )
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1. CCQE events in MiniBooNE

v, CCQE interactions (v+n — u+p) has characteristic two
“subevent” structure from muon decay
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1. CCQE events in MiniBooNE

Cut and efficiency summary

total 2 subevents 54.2%
muon in beam window (4400ns < Time < 6400ns) 52.9%
muon veto hits < 6 and Michel electron veto hits <6 46.4%
muon tank hits > 200 and Michel electron tank hits <200 |41.6%
fiducial reconstruction for muon 41.3%
muon and electron distance < 100cm 35.0%

P
» Los Alamos
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1. CCQE events in MiniBooNE

All kinematics are specified from 2 observables, muon energy E  and
muon scattering angle 6

Energy of the neutrino E, and 4-momentum transfer Q? can be
reconstructed by these 2 observables

r _2M-E,)E, - E; ~2ME, +m; + AM")
v 2[M—E,)-E, +p,cosf ]
Q =-m’ +2E (E, —p,cosf )

» Los Alamos
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2. Prediction for CCQE events

Relativistic Fermi Gas (RFG) Model

Smith and Moniz,
Nucl..,Phys. B43(1972)605

Carbon is described by the collection of incoherent Fermi gas particles.
All details come from hadronic tensor.

Ehi -

(va)ah = If(k q.W)T dE : hadronic tensor

Elo

f(k g, W) - nucleon phase space density function

(1? 22 ﬁ'ﬁ'

FA(Q )=g8,/(1+ Q"M

E, ) :nucleon tensor

M |b2 - Axial form factor

Ehi : the highest energy state of nucleon = N,.’I(pi i#Mj)
Elo : the lowest energy state of nucleon = |(p; + M*) —wHE |

3 parameters are especially important to control nuclear effect of Carbon;

M, = 1.03GeV : axial mass

P- = 220MeV : Fermi momentum

E. = 34MeV : binding energy
» Los Alamos
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3. CCQE data-MC comparison

CCQE kinematics phase space
The data-MC agreement is not great

data-MC ratio from RFG model

Since data-MC B T ()

disagreements alignon 2 ocM [ - A | 1.5
the Q2 lines, not Ev - e

lines, the source of - | : (a) E,=0.4GeV )

data-MC disagreement ol ¥ (b) E,~0.8GeV 1.05

Is not the neutrino beam

prediction, but the g (©) E";"H'E‘* : L

neutrino cross section = | (d) Q1='J-1Ue‘-" 0.95

prediction. 0.4 Sl 11 (€) Q*=0.6GeV? 2
0 - (f) Q=1.0GeV"

0.85

(this is an assumption...) -
0 02 04 06 038 1 1.2 14 16 1.8 2 )

T, (GeV)
. Los Alamos
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3. CCQE data-MC comparison

Pauli blocking parameter "kappa" :

To enhance the Pauli blocking at low Q?, we introduced a new parameter k, which
is the scale factor of lower bound of nucleon sea and controls the size of nucleon
phase space

Elo=[x]./(p2 + M?) - w +EB]

Ehi(fixed) o4 pz : o
L This modification
gives significant

Elo(tuned) Py py EfIE:Ct :.::ﬁlyr at low
DX oX Q? region
We tune the nuclear parameters in RFG model using Q? distribution;
M, = tuned
P. = fixed
E. = fixed
K = tuned

. Los Alamos
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3. CCQE data-MC comparison

M, and k are

simultaneously
fit to the data

2% change of
Is sufficient to
take account the
data deficit at
low Q< region

A
P4

» Los Alamos
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4. Fit results

M, - x fit result circle: before fit

M, = 1.23 £ 0.20(stat+sys) star: after fit with 1-sigma contour
k=1.019 £ 0.011(stat+sys) triangle: bkgt?lﬁe uncertainty

wn 14000 — .
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4. Fit results

M, - x fit result
M, = 1.23 £ 0.20(stat+sys)
k=1.019 £ 0.071(stat+sys)

data—l\;ﬂc ratio after the fit 2

Although fit is done in Q2 % os
distribution, entre CCQE & e
kinematics is improved o
before 02 e
yildof = 79.5/53, P(y?) = 1% 0

0.2 0.95
after 0.4
y?ldof = 45.1/53, P(y?) =77% 0.6

4.8 0.85

0.8

o0 02 04 06 OB 1 12 14 16 18 2

T, (GeV)

/ 3
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M, - x fit result
M, = 1.23 £ 0.20(stat+sys)
k=1.019 £ 0.011(stat+sys)

COs

data-MC
ratio before
Although fit is done in Q2 the fit
distribution, entire CCQE
kinematics is improved

before
y?ldof = 79.5/53, P(3?) = 1% =
after “
2f[dof = 45.1/53, P(y2) = 77%

xae WV=77%  atamc
ratio after

the fit

05/31/2007 Teppei Katori, It

i
> Los Alamos
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(a) E.=0.4GeV
(b) E.=0.8GeV
(¢) E.=1.2GeV
(d) Q'=0.2GeV?
(¢) Q=0.6GeV?
(f) Q"=1.0GeV?
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4. Fit results

Other kinematics distribution also show very good data-MC agreement
(This is critical for MiniBooNE neutrino oscillation search experiment)

MiniBooNE collaboration,
arxiv:0704.1500 [hep-ex] (2007)

Ev distribution cosf  distribution
18000 i R
§ 25000| !
16000 - .
14000~ 20000/
12000 -
1l]|ﬂl]l]f— 15000|—
8000 ¥
6000 10000
4000} -
20001 S000r
oF T T o earamirare ST T e
Eoooo b b b b b b b by by p O e s ssanalsoma g B by S b T
0 0.2 04 0.6 038 1 1.2 14 16 1.8 2 -1 <08 06 -04 -02 -0 02 04 086 08 1
Enu (GeV) Uz

J
» Los Alamos
NATIONAL LABORATORY

14



4. Fit results

M, only fit result
M, = 1.25 x 0.12(stat+sys)

fit with fixing « for =
0.25<Q%(GeV?)<1.0

cosB

good agreement above
0.25GeV? but gross
disagreement at low Q-
region

This fit cannot improve
entire CCQE phase
space

"0 2 04 06 OB8 1 12 14 16 18 2
T, (GeV)

A—
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5. Anti-neutrino CCQE events

Anti-neutrino Q2 distribution
Anti-neutrino Q? distribution

MiniBooNE anti-neutrino CCQE
8772 events

ini 2250 £ — M,=1.23 GeV, x=1.019
(1651 total for pre-MiniBooNE data) -

2000 F i e M,=1.03 GeV, x=1.000

We use same cut with neutrino mode |5 <+ data with stat error

The values of M, and « extracted from 1500

neutrino mode are employed to anti- 1250
neutrino MC, and they describe data 1000
Q? distribution well.

750
500 |
250 F

C

» Los Alamos
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5. Anti-neutrino CCQE events

Anti-neutrino Q? distribution

Anti-neutrino Q? distribution data-MC ratio
MiniBooNE anti-neutrino CCQE

2.8
8772 events Z 5L M=1.23,x=1.019
(1651 total for pre-MiniBooNE data) g 1 4 F 1
T

el
o I——]
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5. Anti-neutrino CCQE events

Anti-neutrino CCQE kinematics
— MA = 1.23GeV, k=1.019

v kinematics -# data with stat error

MiniBooNE anti-neutrino CCQE 1200 F L F
8772 events 1000 1200 ¢
(1651 total for pre-MiniBooNE data) 500 - oo
600 ¢ 600 |
We use same cut with neutrino mode 400 [ 400 £
200 | 200

The values of M, and «k extracted from O LB O bahiii )

. . o 085 1 1.5 2 o 0.5 1.5
neutr!nu mode are emplnyeq to anti- F % (Gev) T, (GeV)
neutrino MC, and they describe data 2500 ¢ 12000

D b b 11750
Q? distribution well. 2000 - 1500 F
. . . . 1500 + 1250 |
Anti-neutrino CCQE kinematics 1000 |
variables are described by the MC 1000 1 ;gg :
well, too. 500 - 550 F
C72050 05 1 Y070.2505075 1
cosQ, calibrated 0% (GeV?)

» Los Alamos
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Lepton-Nucleus Cross Sections In
the Energy Range 150-700 MeV

Motivation
Nuclear Models
Effects of Nuclear Correlations
Benchmark Data: C(e,e')X Saclay ALS
Comparison: Theory and Experiment
Extensions to Neutrino Scattering
Summary

Geoffrey Mills
July 2, 2007

» Los Alamos
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Motivation

o A simple truth in neutrino physics:

Contains everything interesting: oscillation physics,
exotic event rates, cross sections, etc.

2

(observed event rate) = (cross section )(flux of neutrinos )(detection efficiency )

PR
5 I./ojs Alamos

NATIONAL LABORATORY
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MiniIBooNE Neutrino Cross Section
Predictions

 MiniBooNE was designed to utilize
the quasi elastic neutrino-2C
charged current reaction to study
neutrino oscillations.

e The L/E of the LSND result was
centered in L/E around 0.5-1.4
meter/MeV.

* This corresponds to neutrino
energies in the range 350 MeV to
1000 MeV at the MiniBooNE
distance of 500 meters.

» Los Alamos

NATIONAL LABORATORY
EST.1943
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A “first principle” calculation is too difficult

e In systems of A >~ 10 nucleons it is not (yet) possible to
perform exact, many-body, field theory calculations.
MiniBooNE uses Carbon, A=12... oh well...

 There are several different approaches commonly seen:

shell model, TDA, RPA, shell model, etc...

 Here, | employ a simple “Fermi Gas motivated”
momentum-space spectral function description, which
seems to work remarkably (better than it should!). It can
be corrected for nuclear effects and extended to higher
energies.

» Los Alamos
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LSND Excited State v -12C Events

*The only “precision”
measurement of quasi
elastic neutrino scattering
on Carbon

VﬂlzC — ,u_lzN*

(o) .. =(10.5%£1.6)x10""cm’

This 1s 40-50% lower than
expected!

.
5 I./ojs Alamos
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Neutrino and Electron Scattering on °C

Time Tested Strategy:
Use electron scattering to measure the response of the nucleus.

12C 2N

N —p''C

> 4
- 4
. - == 4
C -4
- 4

+., 12
Ny —ev, C

Cc5.11) _
15.11 MeV

17.344 MeV

v,?"C—>e N

VﬂlzC —>u N

e ’C —»e 'C(15.1])
e "C—oe C

- Los Alamos
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Moments of Initial Nucleon Momenta

g = MrQ 3w + e+ UKD = epeq = Ullk = aD)mi(k) (1 = ny (k — )

(2’??')3 €k€|k—q|

Electron scattering:

- k% k[Pcos?it € exlk|cosT
T = | Phkflk,q,w L‘ , K
foroas) = [ dhf(ka.w) (L7 = e A5

Neutrino scattering:

5 9 k2 |k|?cos?T € exlk|cosT |k|cosT ey
(1T w)= [ dkfk,q,w){l, —, T 5 —, ,
o my(aliw) = [kl a,wt, oy, ST S Aot ST Sy

.
5 I./ojs Alamos
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Some Important Nuclear Effects

Finite system effects
— There are only 12 nucleons in carbon

— Start with harmonic oscillator ground state momentum
distributions

Non-local nuclear potential

— Also known as long range correlations

— Due to strongly attractive scalar field (o)

— Implies a dispersion relation for the nucleon

Short range correlations
— Due to the nucleon’s hard core, i.e. repulsive vector forces (o)
— Causes high momentum tails to nucleon momentum distributions

- Los Alamos

NATIONAL LABORATORY
EST.1943

26



NNNNNN

Finite System with A=12

Use a harmonic oscillator momentum
distribution as a starting point

n (k) = (1 + _31 (fﬂ)g) ()

Ko controls the oscillator strength ~ 122 MeV/c

AAAAAAAAAAAA
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Long Range Correlations

Non-local nuclear potential form:
(M is the nucleon mass, k is the nucleon momentum)

U(K]) = Us (1 ~a (%)E ‘%ﬁé +) ) (i +a-(1‘—;-)iﬂ+ b (#)")

This fractional form has nice properties:

e approximates a scalar interaction (o field)
e gives correct dispersive behavior at low k
e goes to zero at high momentum

- Los Alamos e a~7.9 b~10, Mis nucleon mass

NATIONAL LABORATORY
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» Los Alamos
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Effects of Short Range Correlations

SR | I | 5
SN N
R =~ ™. =
10 — ",_ ‘:‘ —
- =N\ -
2] =Ny .
N 10 = —
e L ’
— -3
10 —
< "k E
161 —
16°)— S
- S
19° f | | |
0 1 2 3 4 5
A k (fm'") (~1 GeVic)

» Los Alamos Pandharipande et. al., Phys Rev C 46, 1741 (1992) , fig 4
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Short Range Correlations cont.
 Dominant effect is high momentum tail in n(k)
1 U‘J) = (1 - fmﬁ) T ho (’E'J) + ftail Mtail U‘)

n (k) = (1 + i (;”D)g) {(%)2

Ntqil
Niait (k) = ol
1 —|_ (Ai‘ﬂ;tf)
pa ° ktailm350 MeV/c, ftai|~0-30, Ntail normalization
. IRAIamOS Note: It is vital to include the recoil energy in the integration over k

AAAAAAAAAAAAAAAAAA
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Our Benchmark: ALS (Saclay) Data
Electron energies 150 MeV->680 MeV

680 MeV
620 MeV
560 MeV
520 MeV
480 MeV
440 MeV
400 MeV

REEEEEE,

360 MeV

do/d€Q2/dw (nb/MeV/str)

AN 0 100 200 300 400 500
> !:93 !—\Iamos

L LABORATORY (M \/ )
EST.1943 Q) e




Model 0 (naive)

« No binding energy
* No nuclear potential effects
e Impulse approximation

ﬁ
Lo2 Alamos

AAAAAAAAAAAAAAAAAA
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Model 0 (naive)

3]
<

—¢— 680 MeV Experi

* 680 MeV Theory

do/dQ/dw (nb/MeV/str)

100 200 300 400 500

A o (MeV
Lo2 Alamos (MeV)

NATIONAL LABORATORY




do/dQ/dw (nb/MeV/str)

ﬁ
Lo2 Alamos

NATIONAL LABORATORY
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Model 0 (naive)

280 MeV Experi

280 MeV Theory|.
b4y

4

25 S0 73 100 125 150 175

[\j ® (MeV)
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Model 1

o Simple Fermi Gas (sphere)

* NoO nuclear potential

e Impulse approximation

ﬁ
Lo2 Alamos

NATIONAL LABORATORY
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Model 1 (better)

Theory

= 680 MeV, 36°
N

>

D)
=
,g —4— 680 MeV Experi
E ¢ 680 MeV Theory
"
~~
G
"
~~

)
o)

A 100 200 300 400
® (MeV)

)
» Los Alamos

NAL LABORATORY
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Model 1 (better)

¢ (480 MeV,60°) EJ

Y & (480 MeV,60°) Tl

<o

do/dQ/dw (nb/MeV/str)

S0 100 150 200 250 300 350

A o (MeV
Lo2 Alamos (MeV)
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Model 1 (better)

*
¢

4 280 MeV Experi

. 280 MeV Theory

G

25 S0 =) 100 125 150 178

[\j ® (MeV)
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Model 2

e Harmonic oscillator momentum distribution
 Include binding energy

* ‘Realistic’ nuclear potential

« Los Alamos

NATIONAL LABORATORY
EST.1943
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Model 2 (good)

~
i
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N
~—
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S
% ~¢ 680 MeV Experi
E & 680 MeV Theory
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~—
G
)
~
o M
ao)
100 200 300 400 500
P
)
» Los Alamos @ (MeV)
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Model 2 (good)

¢ (480 MeV,60°) E;
&+ (480 MeV,60°) TI

480 MeV, 60°

do/dQ/dw (nb/MeV/str)

7 50 100 150 200 250 300
) ® (MeV)
» Los Alamos

NATIONAL LABORATORY
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Model 2 (good)

280 MeV, 145° m*H

.00.
. _
L
¢
e

L4 280 MeV Experi

Theory

. 280 MeV Theory

!

25 S0 S 100 125 150 175
[\j ® (MeV)
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Neutrino-12C Interactions

12N

123

N"—p'C
C’

+., 12
Ny —ev, C

—12 C15.11
B, —»ev, C ( )

15.11 MeV

|

17.344 MeV
13.370 MeV

v,"C >e'B

12 =
v, Cou N

— 12 +

v, Cou B
e ’C —»e '"C(15.11)
e "C—oe C

» Los Alamos
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LSND Excited State v -12C Events

*The only “precision”
measurement of quasi
elastic neutrino scattering
on Carbon

VﬂlzC — ,u_lzN*

(o) .. =(10.5%£1.6)x10""cm’

This 1s 40-50% lower than
expected!

.
5 I./ojs Alamos
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Result of “Model 2”-like calculation for
LSND inclusive

Nuclear Corrections:

-effective mass of nucleon
-binding energy change

The LSND data prefers:

M/M* ~ 1.4
E, ~ 15.11 + 12 MeV
~27.1 MeV

F
5 I./ojs Alamos

NATIONAL LABORATORY
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Conclusions
(quasi elastic neutrino scattering)

e “Model 2” seems to provide a “simple intuitive solution”
to LSND’s cross section puzzle

o Simple nuclear effects are important for quasi elastic
neutrino processes

e Provides a good anchor point for MiniBooNE.... but
MiniBooNE requires cross sections up to ~1 GeV

» Los Alamos
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Extension to Higher Energies: Model 3

Harmonic oscillator momentum distribution

Include binding energy

‘Realistic’ nuclear potential

Add short range correlation effects (high momentum)

Add Delta resonance

» Los Alamos
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Model 3 (very good)

30
s
b
N
>
=
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do/dQ/dw (nb/MeV/str)

ﬁ
Lo2 Alamos
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Model 3 (very good)
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Model 3 (very good)

2
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TBD...

« Extend Model Ill to neutrinos, mostly done but needs
finishing touches

 Comparison with other ee’ data, other A ?

ﬁ
Lo2 Alamos
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Antineutrino Running

« (Good agreement with electron scattering data is not
enough! Determines only the Vector part of the cross
section.

e Axial part of weak current is not present in electron
scattering, however the axial part can be extracted in an
unambiguous way from a combination of neutrino and
anti-neutrino data at MiniBooNE

» Los Alamos
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Axial Part of Cross Section
( Ao ) _L?%cﬂggﬁfﬂ*émsgl[%}

dﬂngg i QTTE_-MrT

E

! !
ZHH— U N 1;1119{ ]-I—[ Vs & IE]mE

2" Mregcos?( %)

{Hg-l—

|
¢2( Vs )tanl[i'] :aen:[i:] [qg{?cﬁ

My 20 "2 2

T
2 + |q|* sin E]-I—m;] }

Difference of neutrino and anti-neutrino cross section
gives axial terms directly:

Wy ~ (m{lfﬂ-w']l + ﬁﬂa[ﬁlql-wﬁ) Fa(q®) (1'*_1'{@2) + PE[:QE]')

\

- Los Alamos
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The End...

AAAAAAAAAAAAAAAAAA
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